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Summary
Segregation of homologs at the first meiotic division (MI) is
facilitated by crossovers and by a physical constraint
imposed on sister kinetochores that facilitates monopolar
attachment to the MI spindle. Recombination failure or
premature separation of homologs results in univalent
chromosomes at MI, and univalents constrained to form
monopolar attachments should be inherently unstable and
trigger the spindle assembly checkpoint (SAC) [1]. Although
univalents trigger cell-cycle arrest in the male [2–5], this is
not the case in mammalian oocytes [6, 7]. Because the
spindle assembly portionof theSACappears to functionnor-
mally [8–10], two hypotheses have been proposed to explain
the lack of response to univalents: (1) reduced stringency
of the oocyte SAC to aberrant chromosome behavior [7],
and (2) the ability of univalents to satisfy the SAC by forming
bipolar attachments [6]. The present study of Mlh1 mutant
micedemonstrates thatmetaphasealignment isnot aprereq-
uisite for anaphase onset and provides strong evidence that
MI spindle stabilization and anaphase onset require stable
bipolar attachment of a critical mass—but not all—of chro-
mosomes.Wepostulate that subtle differences inSAC-medi-
ated control make the human oocyte inherently error prone
and contribute to the age-related increase in aneuploidy.
Results and Discussion
Meiotic errors in the human female represent the leading cause
of pregnancy loss and congenital defects [11]. Most errors
occur during the first meiotic division (MI), and their incidence
is strongly influenced by maternal age [12]. Direct studies of
human oocytes have revealed a striking age-related increase
in chromosome alignment defects in human oocytes [13, 14].
Although it has been argued that such cells would be unable
to initiate anaphase because of the actions of the spindle
assembly checkpoint (SAC) [15, 16], experimental studies in
the mouse indicate otherwise. Specifically, alignment defects
can be induced in a variety of ways, including mutations in
meiotic genes (e.g., [4, 17]) or by changes that affect the
endocrine environment in the ovary (e.g., [15, 18–21]), but
meiosis proceeds, albeit with an increase in the occurrence
of aneuploid eggs and embryos [19, 20].*Correspondence: pathunt@wsu.eduStudies of the behavior of univalent chromosomes in the
oocyte originally led to the suggestion that SAC-mediated
control differs in the mammalian oocyte [7], and in the inter-
vening 13 years, debate about the oocyte SAC has continued.
Although the presence of one or several univalents is tolerated
in the oocyte [7, 22, 23], an excess number results in meiotic
arrest. Specifically, on the C57BL/6J (‘‘B6’’) background,
oocytes from Mlh1 mutant females exhibit defects in spindle
assembly and fail to complete MI [17]. Meiotic recombination
is virtually abolished in the absence of MLH1 protein; hence,
we postulated that MI spindle formation is disturbed by the
presence of multiple univalent chromosomes that are unable
to form bipolar attachments. Because the single X chromo-
some in XO females is better able to form a bipolar attachment
and segregate equationally at MI in C3H/HeJ (‘‘C3H’’) than B6
females [24], we transferred the Mlh1 mutation to the C3H
background to test the effect of genetic background on the
meiotic behavior ofmultiple univalent chromosomes. Although
the severe reduction in homologous recombination previously
reported in the Mlh1 mutant [17] was also evident on the C3H
background (see Figure S1 available online), the MI arrest
phenotype was rescued, and oocytes exhibited wild-type
levels of polar body (PB) extrusion (Figure 1A).
Metaphase Alignment of All Chromosomes
Is Not a Prerequisite for Anaphase Onset
To determine whether rescue of the meiotic arrest phenotype
was due to the improved ability of univalent chromosomes to
form bipolar attachments, we analyzed oocytes from C3H
females at successive stages of MI. In controls, normal meta-
phase alignment was achieved in over 80% of oocytes by 8 hr
(Figures 1B and 1C). In mutants, normal metaphase alignment
was almost never observed (2 of 214 oocytes), but, with
increasing time, most cells achieved a ‘‘loose alignment’’
(i.e., >80% of chromosomes present at the spindle equator;
Figures 1B and 1C).
The improvedalignment of univalents suggests that, as in the
XO female [24], functional separation of sister kinetochores is
enhanced on the C3H genetic background. The delay in chro-
mosome alignment by comparison with controls (Figure 1C)
suggests that the ability to make bipolar attachments is
acquired by univalents during early prometaphase. However,
the persistence of misaligned chromosomes even after 12 hr
suggests that, even on this ‘‘permissive’’ genetic background,
not all univalents establish bipolar connections. To test this,we
analyzed cells scored as loosely aligned in groups of oocytes
collected after 8, 10, and 12 hr to determine whether the
number of severely misaligned chromosomes (i.e., those at or
very near the spindle poles) diminished as cells approach
anaphase (Figure 1D). The finding that misaligned chromo-
somes persist is consistent with time-lapse studies of living
cells, where clearly misaligned chromosomes were evident in
the image immediately preceding anaphase in over half of the
oocytes from mutant females (Figure S2, Movie S1, and Movie
S2). Taken together, these data indicate that anaphase onset
does not require stable bipolar attachment of all chromo-
somes. Two lines of evidence suggest that this is not a defect
unique to theC3Hbackgroundbut a feature ofMI in the oocyte.
Figure 1. Oocytes from Mlh1 Mutant Females Complete MI, Although a Normal Metaphase Is Not Achieved
(A) In contrast to the meiotic arrest phenotype reported forMlh1 mutant females on the B6 background ([17]; see Figure S4A), prophase-arrested oocytes
meiotically matured in vitro from C3H mutant females extruded a polar body (PB) at wild-type frequency. However, by comparison with wild-type siblings,
PB extrusion was delayed by 3–4 hr in mutants.
(B–D) To assess chromosome alignment, we fixed groups of oocytes at successive stages of meiotic maturation (i.e., after 4, 6, 8, 10, and 12 hr in culture),
immunostained themwith an antibody to a-tubulin (green) to detect the spindle, counterstainedwith DAPI (blue) to visualize the chromosomes, imaged, and
scored for chromosome alignment. Because a normal metaphase configuration was not observed in mutant oocytes, cells were scored as ‘‘aligned’’ if more
than 80% of chromosomes were loosely aligned at the spindle equator.
(B) Representative images of cells scored as ‘‘aligned’’ and ‘‘loosely aligned.’’ Left images show spindle and chromosomes; right images show chromo-
somes alone. In the top panels, a wild-type oocyte shows tight metaphase alignment of all chromosomes. In the bottom panels, a mutant oocyte shows
loose alignment of most chromosomes, but severe misalignment of two univalents (arrows). Scale bar represents 5 mm.
(C) An analysis of the percentage of cells exhibiting aligned (wild-type) or loosely aligned (mutant) chromosomes after 4, 6, 8, 10, and 12 hr in culture demon-
strates a delay in chromosome alignment in mutant oocytes. Numbers above each bar represent sample sizes. Note that mutants on the B6 background
exhibited no improvement in chromosome alignment over time (Figure S4B).
(D) Although, on average, three to five chromosomes were misaligned in cells scored as loosely aligned, an analysis of the number of severely misaligned
chromosomes (those at or behind the poles) revealed no significant difference in cells collected after 8, 10, or 12 hr in culture (c2 = 3.74; p = 0.44).
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652First, oocytes from both mutant and wild-type females
exposed to nocodazole during meiotic maturation displayed
appropriate inhibition of anaphase onset (Figure S3), indicating
that the SAC functions normally in C3H females and responds
to spindle damage. Second, the ability to complete MI in the
presence of multiple univalents is not unique to the C3H back-
ground. Although meiotic analyses were not conducted,
oocytes from an induced mutation in a ubiquitin ligase that
similarly reduces recombination levels can complete meiosis
but arrest at the two-cell stage [4].
Formation of a Stable MI Spindle Is Delayed by Aberrant
Chromosome Behavior
A striking phenotype of Mlh1 mutant oocytes on the B6 back-
ground is the continual elongation of the MI spindle over time
in culture [17]. To assessMI spindle formation and stabilization
in mutants on the C3H background, we first measured pole-to-
pole spindle length in oocytes at successive stages of MI (Fig-
ure 2A). In controls, spindle length shortened as cells ap-
proached anaphase. Although the average spindle length
was increased in mutants, a similar shortening occurred, and
by the time of anaphase onset, nearly wild-type spindle lengthwas attained. Because Aurora kinase A localizes to the spindle
poles during early prometaphase, we analyzed the temporal
and spatial pattern of localization as an additionalmeans of as-
sessing spindle formation. By comparison with controls, the
frequency of cells exhibiting aberrant Aurora A localization
was increased in the mutant, although, like spindle length,
nearly wild-type levels of frequency of cells with normal Aurora
A localization were attained by 12 hr (Figure 2B, bottom
panels, and Figure 2C). Together, these results suggest that
the 2 to 3 hr delay in PB extrusion in mutants (Figure 1A)
reflects a delay in the formation of a stable MI spindle. Impor-
tantly, this suggests that chromosome alignment and spindle
stabilization in the oocyte are interrelated, and that achieve-
ment of bipolar attachments by a critical mass of chromo-
somes is necessary for MI spindle stabilization.
Kinetochore Morphology and Chromosome Segregation
Support the Hypothesis that Bipolar Attachment of All
Chromosomes Is Not Required for Anaphase Onset
Because our results indicated that not all univalents formed
stable bipolar attachments, we analyzed kinetochore
morphology during MI. Oocytes were stained with an antibody
Figure 2. MI Spindle Stabilization Is Delayed by Aberrant Chromosome Behavior
(A) A comparison of MI spindle length demonstrates significant changes over time in both controls (F = 7.06; p < 0.001) andmutants (F = 8.65; p < 0.001), with
the shortest spindle lengths occurring around the time of anaphase onset (8 hr in controls; 12 hr in mutants). Although spindle length was consistently
greater inmutants, at the time of anaphase onset, lengthswere not significantly different between controls andmutants (t = 1.98; p > 0.05). Error bars denote
standard error of the mean, and numbers above each bar represent sample sizes.
(B) Examples of Aurora kinase A localization during metaphase in a wild-type oocyte (top) and in Mlh1 mutant oocytes with normal Aurora kinase A local-
ization (middle) and aberrant localization (bottom). Oocytes were immunostained with antibodies to a-tubulin (green) and Aurora kinase A (red) and counter-
stained with DAPI (blue). Scale bar represents 5 mm.
(C) The kinetics of Aurora kinase A localization to the spindle poles in mutants and controls. Numbers above each bar represent sample sizes. Note that in
mutants on the B6 background, aberrant Aurora kinase A localization persisted (Figures S4C and S4D).
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653to CENP-E, a kinesin-like motor protein that binds outer kinet-
ochores and is necessary for chromosome alignment [25]. In
controls, sister kinetochores exhibited a single concave-
shaped CENP-E domain from early prometaphase I to meta-
phase I (Figures 3A and 3B). In mutants, the signal domain
on univalents was indistinguishable from wild-type during
early prometaphase (Figure 3C). However, in cells approach-
ing anaphase onset, an additional pattern of CENP-E staining
that correlated with alignment status became evident. Specif-
ically a stretched CENP-E signal was evident on over 80% of
univalents aligned at the spindle equator, whereas the
concave morphology persisted on most misaligned chromo-
somes (Figures 3D and 3E).
The stretching of CENP-E signals observed around the time
of anaphase onset is consistent with the fact that kinetochores
in the oocyte are not placed under tension until just prior to
anaphase onset [26] and indicates that, although sister kineto-
chores have functionally differentiated (i.e., can form bipolar
attachments), they remain physically connected. In maize,
sister kinetochores are constrained at MI by a fused microtu-
bule-binding interface and, like the stretched CENP-E signal
we observed, a stretched signal domain has been reported
on sister kinetochores making bipolar attachments [27].Thus, two lines of evidence suggest that the fused kinetochore
domain on MI chromosomes does not have to separate into
physically distinct kinetochore domains to support bipolar
attachments.
As shown schematically in Figure 4A, univalent chromo-
somes forming bipolar attachments and segregating equa-
tionally at MI should be present in MII-arrested eggs as single
chromatids (monads). In contrast, univalents forming monop-
olar attachments and segregating intact, as well as the few
bivalents observed in mutants (on average, 1.9/oocyte;
Figure S1; presumably these exchanges result from the
actions of an alternate double-strand break repair pathway
[28]), should be present as normal MII chromosomes (dyads).
Assuming that all univalents form bipolar attachments and
segregate equationally, mutant MII oocytes should contain,
on average, 1.9 dyads (Figure 4B), but an analysis of 43 MII
eggs from mutants revealed a 3-fold excess, with an average
of 5.9 dyads per oocyte (Figures 4B–4D). This indicates that,
on average, four univalents segregated intact. It is reasonable
that some univalents forming bipolar attachments were unable
to segregate their chromatids. However, failure to segregate
should result in anaphase lagging, and, although lagging chro-
mosomes were a feature of mutant oocytes, their frequency in
Figure 3. Kinetochore Morphology Is Correlated with Univalent Behavior
Oocytes fixed at early prometaphase (A and C) and around the time of anaphase onset (8 hr in controls; 12 hr in mutants) (B and D) from control and mutant
females were immunostainedwith antibodies to a-tubulin (green) andCENP-E (red) to detect the spindle and kinetochores, respectively, and counterstained
with DAPI (blue) to visualize the chromosomes. Brackets denote chromosomes shown in enlarged inset images.
(A and C) In oocytes fixed during early prometaphase (i.e., after 4 hr in culture), the kinetochores of bivalents in wild-type oocytes (A) and of univalents in
mutant oocytes (C) exhibited a single concave-shaped domain of CENP-E signal.
(B) This morphology persisted in wild-type oocytes when kinetochores come under tension around the time of anaphase onset.
(D) In mutant oocytes fixed around the time of anaphase onset, univalents aligned at the spindle equator typically exhibited a thin, stretched CENP-E signal.
Scale bar represents 5 mm. Note that this morphology was not observed in mutant oocytes on the B6 background (Figure S4E).
(E) An analysis of 259 kinetochores on univalent chromosomes fromninemutant oocytes collected around the time of anaphase onset demonstrates a highly
significant correlation between alignment status and CENP-E morphology (c2 = 65.9; p < 0.001).
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findings (Figure S2). Furthermore, the correlation between our
analysis of misaligned chromosomes (Figure 1D) and ourcytogenetic studies is remarkable, suggesting that, on
average, four to five univalents failed to establish a stable
bipolar attachment and segregated intact at anaphase I.
Figure 4. MII Chromosome Analysis Provides Evidence of Intact Segrega-
tion of Univalents
(A) Schematic showing the segregation patterns that give rise to dyads and
monads at MII. Homologs with an exchange (arrowhead, MI cell) will segre-
gate reductionally, resulting in a dyad with genetically distinct chromatids
(arrowhead, MII cell). In addition, a univalent that forms amonopolar attach-
ment (arrow,MI cell) will segregate intact, resulting in a dyadwith genetically
identical sister chromatids (arrow, MII cell). Univalents that form bipolar
attachments and segregate equationally will result in single chromatids
(monads) at MII.
(B) Comparison of the expected number of dyads with the number
observed; expected values were based on data from the cytogenetic anal-
ysis of 45 MI oocytes (Figure S1) and assuming that dyads derive only from
MI bivalents.
(C) Representative image of an MI chromosome preparation showing three
bivalents (red arrowheads) and 34 univalents.
(D) Representative image of an MII chromosome preparation with six dyads
(blue arrows) and 27 monads.
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Taken together, our analyses of chromosome alignment,
spindle formation and stabilization, kinetochore morphology,
and chromosome segregation suggest that, in the mammalian
oocyte, anaphase can be initiated before all chromosomes
establish stable bipolar attachments. Thus, in contrast to
mitotic cells where the SAC prevents anaphase onset until all
chromosomes form stable bipolar attachments [1, 29], the
conditions necessary for the satisfaction of the checkpoint
appear to differ in mammalian oocytes, with a requirementfor stable attachments of a critical mass, but not all
chromosomes.
Although stable end-on kinetochore attachments have been
considered essential for chromosome alignment, recent
studies suggest that, even in mitotic cells, lateral attachments
are sufficient for chromosome congression [30]. In C. elegans,
lateral attachments not only represent themajormechanism of
chromosome alignment in oocytes, but conversion to end-on
attachments does not appear to be required for anaphase
onset [31, 32]. This novel perspective on chromosome con-
gression in the oocyte is consistent with our findings and
suggests that differences in kinetochore attachment may
underlie the differences in SAC control that allow the oocyte
to initiate anaphase even if all chromosomes have not formed
stable bipolar attachments.
Because the production of genetically normal offspring
requires accurate chromosome segregation, lack of sensitivity
to detect aberrant chromosome behaviors that predispose to
segregation errors seems counterintuitive. However, differ-
ences in SAC-mediated control provide a plausible explana-
tion for the inherently high meiotic error rate in the human
female and the influence of maternal age. The combined
data from humans and mice indicate that a variety of factors
conspire to create the human maternal age effect (reviewed
in [12]). Data from studies in mice suggest that the age-related
increase in meiotic errors may be driven, at least in part, by
a reduction in sister chromatid cohesion during the period of
protracted meiotic arrest [23, 33–35]. Other studies suggest
that age-related changes in oocyte growth [20] or exposures
to endocrine-disrupting chemicals [15, 18, 19, 21] can affect
chromosome alignment in the mammalian oocyte. Regardless
of the reason for the disturbance, our results indicate that, if
a threshold number of chromosomes make stable bipolar
attachments, anaphase onset can occur despite the persis-
tence of misaligned chromosomes—with aneuploidy as the
unavoidable consequence. Thus, we postulate that the
inability of the oocyte SAC to ensure stable bipolar attachment
of all chromosomes prior to anaphase onset is a major deter-
minant of human age-related aneuploidy.Experimental Procedures
Mouse Strains and Production of Mlh1 Mutants
Targeted disruption of theMlh1 gene and analysis of mutant animals on the
B6 background have been described previously [17, 36]. To assess the
effect of genetic background on the mutant phenotype, we transferred
the mutation to the C3H background by mating B6 carrier animals to C3H
strain animals and successively backcrossing carrier offspring to C3H
animals for over ten generations. The offspring from each backcross gener-
ation were genotyped by PCR using primers as described previously [36].
All animal experiments were approved by the WSU Institutional Animal
Care and Use Committee. WSU is fully accredited by the American Associ-
ation for Accreditation of Laboratory Animal Care, and all investigations
were conducted in accordance with the Guide for the Care and Use of Labo-
ratory Animals [37].
Isolation and Culture of Oocytes from Mlh1
Mutants and Control Siblings
For all studies, germinal vesicle (GV) stage oocyteswere collected from 4- to
5-week-old females. Ovaries were removed and placed in Waymouth’s
MB752/1 medium (GIBCO; Invitrogen, Carlsbad, CA, USA) supplemented
with 10% fetal calf serum and 0.23mM sodium pyruvate as described previ-
ously [17]. After 2 hr in culture, oocytes were scored for GV breakdown,
indicating resumption of MI, and any oocytes remaining at the GV stage
were excluded from the experiment. PB extrusion was recorded every
2 hr after GV breakdown for a period of 14 hr. For the analysis of checkpoint
response, nocodazole (Sigma-Aldrich, St. Louis) was added to the culture
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656medium 4 hr after GV breakdown, and oocytes were scored for PB extrusion
every 2 hr for 8 hr. Nocodazole was dissolved in DMSO and added to the
culture medium to achieve a final concentration of 1 mM; DMSO in Way-
mouth’s medium was used as a control.
Fixation, Imaging, and Analysis
For analysis of chromosome alignment and meiotic spindle formation
during MI, oocytes were cultured for 4, 6, 8, 10, 12, and 14 hr before fixation.
Oocytes were fixed in a microtubule-stabilizing buffer (100 mM PIPES
[pH 7.2], 5 mMMgCl23 6 H2O, and 2.5 mM EGTA) containing 2% formalde-
hyde, 0.1% Triton X-100, 0.01% aprotinin, 1 mM dithiothreitol, and 50%
deuterium oxide [38]. Primary antibodies used in this study included mouse
monoclonal (35C1) Aurora kinase A antibody (1:100; Sigma-Aldrich),
polyclonal CENP-E antibody (1:200; a gift from Don Cleveland, UC San
Diego and Tim Yen, Fox Chase Cancer Center), and FITC-labeled mouse
monoclonal (DM1A) a-tubulin antibody (1:150; Sigma-Aldrich). Secondary
antibodies used in this study included Rhodamine goat anti-mouse (1:200;
Jackson ImmunoResearch, West Grove, PA, USA) and Rhodamine goat
anti-rabbit (1:200; Jackson ImmunoResearch). After staining, DAPI and
antifade reagent (Invitrogen) were applied to the slide to stain the chromo-
somes and diminish signal fading. To assess chromosome alignment in
mutant oocytes, we scored images by two observers who were blinded
with regard to experimental conditions. In mutants, oocytes with most
chromosomes aligned at the spindle equator but eight or fewer chromo-
somes misaligned were scored as ‘‘loosely aligned.’’ Individual chromo-
somes in cells scored as loosely aligned were categorized as ‘‘severely
misaligned’’ if they were at, behind, or very close to the spindle pole. For
CENP-E kinetochore staining, the morphology of the CENP-E signal at the
kinetochores was recorded as ‘‘square/concave’’ or ‘‘stretched.’’ For
pole-to-pole spindle measurements, oocytes with a collapsed spindle
were excluded. All MI spindle images were deconvolved using MetaMorph
(Molecular Devices Inc., Downingtown, PA, USA). For MII chromosome
analysis, air-dried chromosome preparations were made of oocytes that
had extruded a PB as described previously [17].
Time-Lapse Imaging
GV stage oocytes were collected as described above, incubated in Way-
mouth’s medium containing 1 mg of Hoechst 34580 for 15 min to stain the
chromosomes, and returned to medium without Hoechst for imaging.
Oocytes were incubated at 37C with 5% CO2 in air on a Nikon BioStation
IM equipped with a DS-Qi1 monochrome camera (Nikon, Melville, NY,
USA). Fluorescent and phase contrast images were captured every
20–30 min with a 203/0.8 NA dry objective lens, and fluorescent excitation
light was attenuated to 3% by neutral density filters.
Supplemental Information
Supplemental Information includes four figures and two movies can be
found with this article online at doi:10.1016/j.cub.2011.03.003.
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